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Studies using TRPV1-and TRPA1-null-mutant mouse lines (1-3), TRPA1 antisense knock-down (4) and in vivo effects of TRPA1 and TRPV1 antagonists (5, 6) have demonstrated that TRPV1 and TRPA1 channels play an important role in the development of hyperalgesia in certain inflammatory and neuropathic pain models. Like most mammalian TRP channels, TRPV1 and possibly TRPA1 function as homo-tetramers (7, 8) . In addition, TRP channels belonging to the same sub-families (i.e. V, C, M or P sub-families) can interact and form heteromers (7) . It has also been noted that most heteromeric TRP channel complexes appear to consist of subunit combinations only within relatively narrow confines of phylogenetic subfamilies (7) . Recent reports indicate that the native TRPA1 channel has different characteristics to those of homomeric TRPA1 expressed in cell lines (9, 10) . Interestingly, these characteristics of TRPA1 are restored similarly to characteristics recorded from native cells when TRPA1 and TRPV1 are co-expressed in sensory neurons or expression systems (9) . Further, there is evidence suggesting that these channels could heterologously inter-regulate each other's activities and characteristics. Thus, pharmacological crossdesensitization between capsaicin and mustard oil responses was noted and characterized (10) (11) (12) (13) . Transmission of inflammatory stimuli by nociceptors (i.e. damage-sensing sensory neurons) is also mutually controlled by TRPA1 and TRPV1 channels (Bautista et al., 2006; Kwan et al., 2006 Given previously published results, the present study assesses the following questions: (i) whether TRPA1 and TRPV1 channels could assemble into a complex on the plasma membrane; (ii) whether interactions of TRPA1 with TRPV1 affect intrinsic (i.e. single-channel) characteristics of TRPA1-mediated currents; and (iii) whether intracellular Ca ) (1,14), or directly, involving interaction of these channels within a complex (9, 15) . 2+ and/or TRPV1 channels alone influence the single-channel properties of TRPA1. Constructs and expression in Chinese hamster ovary (CHO) cells: Expression plasmids of green fluorescent protein (GFP) in pEGFP-N1 (Clontech), TRPV1 (accession number -NM031982) in pcDNA3 (Invitrogen, Carlsbad, CA) and TRPA1 (NM177781) in pcDNA5/FRT (Invitrogen) were utilized in these studies. These plasmid constructs were delivered into CHO cells using PolyFect (Qiagen, Valencia, CA) according to manufacturers' protocols. Cells were used within 24-48 h after transfection.
, 40-60 days old, TRPV1 null-mutant mice (Caterina et al., 2000 ; The Jackson Laboratory, Bar Harbor, Maine, USA). TG neurons were plated at low-density on poly-D-lysine/laminin coated coverslips (Clontech, Palo Alto, CA) as previously described (10) . The experiments were performed 24-48 h after plating. To achieve reproducible and consistent TRPA1-mediated responses, trypsin treatment of TG was omitted during culturing and the culture media contained 100 ng/ml of nerve growth factor (NGF).
Electrophysiology: Single-channel recordings were performed in cell-attached or inside-out configuration at [22] [23] [24] o C, from the somata of TG neurons (15-45 pF) or CHO cells, as previously described (16, 17) . Data were acquired using an Axopatch200B amplifier and analyzed using pCLAMP9.0 software (Axon Instruments, Union City, CA). Currents were filtered with an 8-pole, low pass Bessel filter at 0.1 kHz, since dwelling time (τ) of the TRPA1 single-current was >0.5 sec. The solution for single-channel recording of TRP currents were previously described (16) 
TRPA1-TRPV1 co-immunoprecipitation (Co-IP):
The entire coding sequence of TRPA1 (18) , excluding the start codon, was used to generate a myc-TRPA1 construct in pCMV-Myc (Clontech). 2-5x10 , only patches containing less than 5 channels were used. 7 CHO cells were transfected with equimolar ratios of TRPV1 and TRPA1 or myc-TRPA1. Co-IP and Western blotting was carried as previously described (19) on 2 day transfected CHO cells or 2-3 day TG neuronal cultures. Anti-TRPV1 (Oncogene, San Diego, CA), anti-TRPA1 (19) or anti-c-myc (BD Transduction) antibodies were utilized. The membrane expression of the functional myc-TRPA1 channel with and without TRPV1 was demonstrated by patch-clamp recording of I MO TIRF microscopy and FRET measurement: Enhanced CFP and YFP proteins were used in fusion proteins. For all fusion (19) .
proteins, the start or stop codons were eliminated by PCR mutagenesis. TRPV1 (20) and TRPA1 (18) cDNA were subcloned into pEYFP-N1, pECFP-N1, pEYFP-C1 or pECFP-C1 (BD Biosciences Clontech, Mountain View, CA, USA) to generate fusion proteins with YFP or CFP tagging on C-or N-terminals, respectively. Epithelial sodium channel subunit (αENaC) were tagged with YFP (21) . Membrane markers for minimum and maximum interactions were eYFP-M (membrane bound YFP; Clontech, Palo Alto, CA) and Rho-pYC (kindly gifted by Dr. Mark Shapiro, UTHSCSA, San Antonio, TX), respectively. Rho-pYC has the C-terminal Fluorescence emissions were collected in living cells at [22] [23] [24] prenylation site of Rho (RQKKRRGCLLL) added to the YFP-CFP fusion (22) . o C using total internal reflection fluorescence (TIRF) (also called evanescent-field) microscopy on an inverted TE2000U microscope equipped with a plain Apo TIRF 60x oil-immersion, high-resolution (1.45 NA) objective. The CFP and YFP fluorophores were excited with a 442-nm Melles Griot dual-pulsed solid state and 514-nm argon ion laser, respectively, with an acoustic optic tunable filter used to select excitation wavelengths (Prairie Technology, Middleton, WI). Emissions from CFP and YFP passed through an image splitting device (Dual-View, Optical Insights, Tucson, AZ) using a 505-nm dichroic filter to split emissions, which then passed through 470 ± 15 and 550 FRET efficiency (%FRET) was measured using the acceptor photobleaching (APB) method (23) . One advantage of the APB method is that only the change in CFP fluorescence is used to calculate the %FRET, making it possible to compare the measured FRET generated by multiple studies. Images were acquired for CFP and YFP fluorescence before and after photobleaching. Fluorophore-tagged channels in and near the plasma membrane, as well as membrane markers, were photobleached with TIRF illumination using the Argon-ion laser (514 nm) at full power for 2 minutes. We have demonstrated previously preferential photo-bleaching of membrnae proteins in and near the plasma membrane abutting the coverglass versus total cellular pools of the channel with TIRF illumination (24) . Total photobleaching was 90.0 ± 0.9 % (n=172). The %FRET was measured by drawing regions of interest around the cell and subtracting background for each image. Laser power, camera gain and exposure times were constant throughout the course of the experiment except as noted above during photobleaching. %FRET was calculated as the percentage increase in CFP emission after photobleaching YFP: ± 25 nm emission filters, respectively. Fluorescence images were collected and processed with a 16-bit, cooled charge-coupled device camera (Cascade 512F; Roper Scientific Inc.) interfaced to a PC running Metamorph software. Data analyses: For detailed statistical analysis, GraphPad Prism 4.0 (GraphPad, San Diego, CA) was used. Data are presented as mean ± standard error of the mean (SEM). Experiments were performed at least in triplicate. Significant differences between groups were assessed by unpaired t-test (2-condition comparisons). A difference was accepted as significant when p<0.05; p<0.05; p<0.01 and p<0.001 are indicated by *, ** and ***, respectively.
is CFP emission before photobleaching YFP.
Results:
TRPA1 and TRPV1 co-immunoprecipitate from an expression system and sensory neurons: To examine whether TRPV1 and TRPA1 channels physically interact, we carried out Co-IP of these channels. Anti-myc was employed for Co-IP of TRPA1 and TRPV1 from co-transfected CHO cells. The specific anti-TRPA1 antiserum (10,19) was used to Co-IP the channel from cultured rats TG neurons or wild-type (WT) and TRPV1 knock-out (KO) mice TG neurons. Figure 1 shows that myc-tagged TRPA1 can be coprecipitated with TRPV1 protein and vice versa from myc-TRPA1 and TRPV1 co-expressing CHO cells. To demonstrate the absence of non-specific (i.e. outside cells) interaction between the channels, two separately generated lysates from TRPA1 and TRPV1 transfected cells were combined ex vivo to perform Co-IP and appropriate Western blotting. The results reflected in line M of Figure 1 indicate that TRPA1 and TRPV1 interact inside cells, but not ex vivo during preparations of lysates or Co-IP procedures. TRPA1 and TRPV1 could undergo physical interaction due to over-expression in CHO cells or due to the unique intracellular environment of CHO cells. Therefore, we examined interactions of TRPA1 with TRPV1 in native cells -sensory neurons. First, specificity of the anti-TRPA1 antiserum was evaluated. Figure 2A illustrates that specific labeling of a subset of TG neurons by anti-TRPA1 was blocked with an N-terminal epitope serving as a blocking peptide (BP). The BP also blocked the TRPA1-specific band on a Western blot (see also (19) . We next demonstrated that nonimmune serum and protein-A beads did not interfere with co-IP of TRPA1 with TRPV1 ( Fig 2C) . Figure 2D illustrates that TRPA1 and TRPV1 can be co-precipitated from rat and WT mouse, but not TRPV1 KO TG sensory neurons. It is worth noting that sensory neurons could contain non-interacting TRPA1 and TRPV1. Indeed, Co-IP from sensory neuron lysates revealed detectable TRPV1 homomers ( Fig 2D; middle-upper panel), and, to a lesser extent, TRPA1 homomers ( Fig 2D; middlelower panel). Altogether, these results demonstrate that TRPA1 and TRPV1 are able to form a tight complex in an expression system as well as in sensory neurons.
TRPV1 and TRPA1 channels undergo FRETinteraction on the plasma membrane:
Co-IP did not access whether interaction of TRPA1 and TRPV1 could occur on the plasma membrane or only in cytoplasmic fraction. To investigate the potential for TRPA1/TRPV1 interactions on the plasma membrane of living cells, we measured FRET in transiently transfected CHO cells using TIRF microscopy that selectively detects fluorophores on and near the plasma membrane (25) . We have employed fusion constructs in which CFP and YFP were fused to C-terminals of the channels, since the CHO cells containing YFP-TRPA1 and CFP-TRPV1 generated whole-cell I MO (25µM; 287±62 pA, n=6) and I CAP (100nM; 1023±115 pA, n=7) at V h We first examined possible FRET interactions between TRPV1-CFP and =-60 mV, respectively. In contrast, splicing of CFP and YFP to the Nterminals of the TRPV1 and TRPA1 channels resulted in very lower sensitivity to CAP (100nM; 97±25 pA, n=8) and almost insensitive to MO (n=7), respectively.
We next evaluated FRET interactions between TRPA1-CFP and either TRPA1-YFP (putative positive control), YFP-M and YFP-ENaC (negative controls) or TRPV1-YFP (experiment). YFP-tagged αENaC (Epithelial Na either TRPV1-YFP (positive control) (8), YFP-M (negative controls) or TRPA1-YFP (experiment). Rho-pYC (Fig 3A; upper panel) and YFP alone were used to measure the maximum and minimum FRET signals. As illustrated in Figure 3A (lower panel) and summarized in Fig 3B, a significant FRET interaction is detected when TRPV1-YFP is combined with either TRPV1-CFP (homomeric interaction) or with TRPA1-CFP. These data are in accordance with previously published results (8, 27) . In contrast, there is no FRET interaction between TRPV1 and YFP-M (Fig 3A; upper panel) . Interestingly, the FRET interaction efficiency between TRPV1-TRPA1 was similar in magnitude to that of TRPV1-TRPV1 (Fig 3B; see also (27) . + channel) subunit was used as an additional negative control since this channel belongs to a totally distinct channel family and localized mostly in the kidney (26) . As expected, TRPA1 did not produce a significant FRET signal when co-expressed with the YFP-M or YFP-αENaC ( Fig 3A upper panel and Fig 3B) . However, TRPA1 subunits displayed firm interaction within the homomer as well as with TRPV1 regardless of the tagged fluorophores (Fig 3A lower panel and Fig  3B) . Altogether, we conclude that the TRPA1 channel form a complex with TRPV1 subunits and this complex is spatially localized on the plasma membranes.
Single-channel properties of I MO in TRPA1 and TRPA1/TRPV1-expressing CHO cells: Singlechannel properties of mustard oil (MO) responses were characterized in TRPA1 expression systems and sensory neurons (28, 29) . To examine modulation of the TRPA1 channel by TRPV1, we recorded and analyzed single-channel MO-gated currents (I MO ) from TRPA1-expressing and TRPA1/TRPV1 co-expressing CHO cells. Previous research reported that MO failed to activate TRPA1 in excised (inside-out and outside-out) patches (28, 29) . Our results generated from recording in both CHO cells and TG neurons confirmed this observation that single-channel I MO (Fig 4A-C) . It was previously reported that single-channel I MO in TRPA1 expressing cells has at least four subconductance states that are affected by extracellular Ca 2+ (30) . The TRPV1 channel also exhibits subconductance states at negative, but not positive, potentials (16) . In agreement with these results, in some TRPA1 as well as TRPA1/TRPV1-expressing cells (20 of 54; Fig 4B and 4C) , multiple conductance states ranging from 9 to 16 pS were recorded (Fig 5B and 5C ; open circles). The TRPA1 channel was active throughout the range of holding potentials in TRPA1- (Fig 5A; left panel) and TRPA1/TRPV1-expressing CHO cells (Fig 5A;  right panel) . The reverse potential of single-channel I MO was close to zero ( Fig. 5B and 5C , black squares). As previously reported (28), the singlechannel I MO I-V relationships for TRPA1-containing cells showed almost no rectification; the mean slope conductance through positive potentials was 75 ± 4.8 pS (n=9) and for negative potentials was 51.0 ± 3.9 pS (n=9; Fig 5B) . In contrast, the TRPA1/TRPV1 channels showed outward rectification with a conductance slope of 83.6 ± 3.3 and 35.2 ± 4.2 pS (n=10), for the outward and inward parts of the I-V curve, respectively (Fig 5C;  black squares) . A similar outward rectification of single-channel I MO We next evaluated whether the activation of TRPA1 and TRPA1/TRPV1 expressing CHO cells by MO is voltage-dependent. To test this possibility, we analyzed the open probability (P was previously observed in TG sensory neurons (28) , which extensively co-express TRPA1 and TRPV1 channels (18, 31, 32) . o ) at +60 mV and -60 mV. As summarized in Fig. 5D and 5E, cells expressing TRPA1/TRPV1, but not TRPA1 alone, had greater open probability in the presence of MO at positive voltages. Altogether, in the expression system, single-channel conductance of I MO in TRPA1/TRPV1, but not TRPA1-expressing cells exhibits slight outward rectification. Furthermore, a clear voltage-dependent difference in P o at negative potentials was observed only for cells co-expressing TRPA1/TRPV1.
Single-channel properties of I MO in TRPA1 and TRPA1/TRPV1-expressing sensory neurons: To study modulation of TRPA1 single-channel properties by the TRPV1 channel in native cells, we recorded I MO in TG sensory neurons from WT and TRPV1 KO mice. In the absence of MO in the bath solution, the patches from WT or TRPV1 KO TG neurons showed almost no basal activity ( Fig. 6A ; trace 1). Application of MO to the neurons led to activation of single-channel currents in 25 of 43 small-to-medium sized (25-35 pF) WT TG neurons and in 18 of 51 TRPV1 KO TG neurons (Fig. 6A  and Fig. 6B ). Similarly to the expression system, multiple conductance states of single-channel I MO An outward rectification of single-channel I were noted in WT as well as TRPV1 KO TG neurons. MO was observed in the majority of WT TG neurons (95.2 ± 8.7 and 43.3 ± 4.5 pS, n=14, at +60 and -60 mV, respectively). In contrast, the average single-channel I MO conductance revealed no rectification in TRPV1 KO TG neurons (62.8 ± 17.4 and 53.1 ± 16.3 pS, n=18, at +60 and -60 mV, respectively). It should be noted that variability in I MO We have next analyzed single-channel I conductance in TRPV1 KO neurons was high, with some neurons exhibiting outward and others inward rectification.
MO activities in WT and TRPV1 KO TG neurons. Figure 6C summarizes these results and illustrates that I MO exhibits substantially greater activity (i.e. P o ) at positive voltages in WT neurons compared to TRPV1 KO neurons. In addition, single-channel recordings showed only slight decreases in channel activity in neurons lacking TRPV1 (Fig 6C; 1 st vs. 3 rd bars). These data suggest that single-channel I MO is regulated by the TRPV1 channel not only in the expression system, but in sensory neurons as well. (Fig 7A; upper panel) and TRPA1/TRPV1-expressing CHO cells (Fig 7A;  lower panel) . The reversal potential of singlechannel I MO in Ca 2+ -free conditions was close to zero in TRPA1-and TRPA1/TRPV1-expressing CHO cells (Fig. 7B and 7C) . The single-channel I MO I-V relationships exhibited almost no rectification in both TRPA1-and TRPA1/TRPV1-expressing cells (Fig 7B) . Furthermore, in the Ca 2+ -free solution, the average single-channel I MO conductance at positive and negative potentials was not significantly altered by presence of the TRPV1 channel. Thus, the mean slope conductance for TRPA1 through positive potentials was 84.35 ± 10.57 pS (n=10) and for negative potentials it was 73.36 ± 7.42 pS (n=10) (Fig 7B) . Similarly, in TRPA1/TRPV1 cells conductance was 87.13 ± 8.52 pS (n=9) and 70.91 ± 10.4 pS (n=7) for positive and negative potentials, respectively (Fig 7C) . Further, in accordance with report (28) , conductance of I MO at negative potentials in TRPA1-expressing cells was ≈25% higher in a Ca 2+ We also evaluated whether Ca -free external solution.
Single-channel properties of I MO in a Ca
2+ -free extra-cellular solution affects single-channel I MO activity in a voltage-dependent manner (see Fig 5D and 5E ). Analyses of P o at +60 mV and -60 mV are summarized in Figure 7D . Cells expressing either TRPA1 or TRPA1/TRPV1 exhibited similar I MO open probability at positive (+60) and negative (-60) voltages. Altogether, modulation of single-channel I MO characteristics by the TRPV1 channel depends on physiological concentrations of extra-cellular Ca 2+ We next examined whether extracellular Ca .
2+ alters association between the TRPA1 and TRPV1 channels. Myc-TRPA1/TRPV1 co-transfected CHO cells were grown in normal DMEM containing media, which contains 1.8 mM Ca 2+ and Ca 2+ -free DMEM media. In 24h post-transfection, cell lysate were immuno-precipitated with anti-TRPV1 or antimyc antibodies, Western blotted and labeled with anti-TRPV1
antibodies. Figure  8A and corresponding bar graphs (Fig 8B) demonstrated that extracellular Ca 2+ did not significantly affect association of TRPV1 with TRPV1. However, a slight decrease in co-IP was noted in co-transfected CHO cells grown in Ca 2+ -free media (Fig 8B) . (28, 29) . However, it has been reported that other TRPA1 agonists (such as calcium and cannabinoids) can generate prolonged single-channel responses even in inside-out configuration (29) . Therefore, we used the TRPA1 agonist, cannabinoid WIN55,212-2 (WIN) (11), for inside-out recording from TRPA1-expressing cells. All experiments were also conducted in a Ca 2+ -free bath solution, since the presence of physiological concentrations of Ca (Fig 9A) . WIN was recorded in a range of holding potentials in TRPA1- (Fig 9A; upper panel) and TRPA1/TRPV1-expressing CHO cells (Fig 9A; lower panel) . The reversal potential of single-channel I WIN in Ca 2+ -free solution was approximately -5 mV (Fig. 9B and  9C ). Similarly to single-channel I MO recorded in physiological conditions (Fig 5B and 5C) , the single-channel I WIN I-V relationship in TRPA1-expressing cells exhibited almost no rectification; the mean slope conductance through positive potentials was 50.67 ± 7.85 pS (n=7) and for negative potentials was 43.5 ± 4.63 pS (n=7; Fig  9B) . In contrast, despite absence of Ca 2+ in the bath solution, I WIN in TRPA1/TRPV1-containing cells showed outward rectification with a conductance by guest on November 4, 2016 http://www.jbc.org/ Downloaded from slope of 59.03 ± 5.68 pS (n=11) and 24.76 ± 2.85 pS (n=12) for the outward and inward parts of the I-V curve, respectively (Fig 9C) . Furthermore, the examination of single-channel I WIN voltagedependency demonstrated that cells expressing both TRPA1 and TRPV1, but not TRPA1 alone, had greater P o at positive voltages (Fig 9D) . Altogether, modulation of intrinsic characteristics of the TRPA1 channel by TRPV1 in this expression system is not influenced by intra-cellular Ca 2+ .
Discussion:
Recent studies have demonstrated functional interactions between the TRPA1 and TRPV1 channels that involve cross-desensitization between channels and mutual transduction of nociceptive signal during certain inflammatory conditions (1, 3, 10, 11, 33) . Furthermore, several whole-cell properties of TRPA1 are regulated by the presence of the TRPV1 channel (9) . Such cross-modulation of the biophysical as well as regulatory properties could affect behavior of the channel in a variety of physiological and pathological conditions (34) (35) (36) (37) (38) . Despite this wealth of research, no study has evaluated whether TRPA1 and TRPV1 channels could assemble into complexes on the plasma membrane, whether association between TRPA1 and TRPV1 depns on extracellular Ca 2+ , whether interactions of TRPA1 with TRPV1 affect intrinsic (i.e. single-channel) characteristics of TRPA1-mediated currents, or whether intracellular Ca
2+
The present data demonstrate that the TRPA1 and TRPV1 channels can be co-immunoprecipitated (Co-IP) from rat and mouse sensory neurons and from the TRPA1/TRPA1 expression system (Figs 1  and 2D ). It appears that interactions of TRPA1 with TRPV1 occur within cells, since independently prepared extracts from TRPA1 or TRPV1-expressing cells did not undergo Co-IP (Fig 1) . Complex formation between the TRPA1 and TRPV1 was confirmed by an alternative approach -FRET analysis. FRET analysis also demonstrated that the strength of the TRPA1-TRPV1 interaction is comparable with complex tightness measured for TRPA1-TRPA1 as well as TRPV1-TRPV1 homomers (Fig 3B; (27) . Finally, we demonstrated that TRPA1 and TRPV1 form complexes on the cytoplasmic membrane, given that FRET interaction was detected by TIRF microscopy. and/or TRPV1 channels alone influence singlechannel properties of the TRPA1 channel.
We next showed that single-channel I MO properties are regulated by the TRPV1 channel in our expression system and in sensory neurons. Coexpression of TRPV1 with TRPA1 led to slight, but outward rectification in single-channel I MO I-V ( Fig  5) and a significant reduction in open probability for single-channel I MO at negative holding potentials (Fig 5 and 6) . TRPV1 regulates whole-cell currentvoltage characteristics of the TRPA1 channel (9) . Thus, a dramatic outward rectification for the whole-cell I-V relationship of I MO is observed in WT, but not TRPV1 KO TG neurons (9) or TRPA1 expressing cells (30, 32) . Data presented here suggest that the whole-cell voltage dependency of I MO in WT TG neurons may be mediated by a slight outward rectification of single-channel conductance, but is primarily mediated by a reduction in P o It has been reported that MO-activated responses are larger in sensory neurons containing TRPV1 (9, 10) . In addition, whole-cell I at negative potentials in TRPA1/TRPV1 co-expressing CHO cells or sensory neurons. MO recorded from a fewer numbers of sensory neurons in absence of TRPV1 (9) . We observed single-channel I MO in a fewer numbers of sensory neurons, and a slight decrease in channel activity in neurons lacking TRPV1 ( Fig  6C) . Since single-channel recordings showed only a slight decrease in channel activity in neurons lacking TRPV1 (Fig 6C) , the reduction in magnitude of whole-cell I MO Regulation of TRPA1 properties by TRPV1 is dependent on extra-cellular Ca in TRPV1 KO TG (9) could be attributable to a decrease in the density of functionally active TRPA1 channels on the plasma membrane. This decrease in density of TRPA1 on plasma membranes may be explained either by a possible down regulation of TRPA1 expression in TRPV1 KO mouse TG neurons or by a requirement of TRPV1 for functional stability of the TRPA1 channels on the plasma membranes. 2+ . Thus, in cells expressing both TRPA1 and TRPV1, Ca 2+ substantially suppresses whole-cell I MO (9, 10) . Dramatic outward rectification for whole-cell I-V I MO observed in sensory neurons is also influenced by extracellular Ca 2+ (9) . There are two possibilities to explain this effect: extracellular Ca 2+ affects the interaction between TRPA1 and TRPV1, or it directly modulates properties of the TRPA1-TRPV1 heteromer. Here, we showed that extracellular Ca 2+ did not significantly alter association of TRPA1 with TRPV1 (Fig 8) . In contrast, single-channel recordings of I MO with a Ca 2+ -free pipette solution (i.e. extra-cellular solution) illustrated that regulation of certain intrinsic properties of TRPA1 by the TRPV1 channel is Ca 2+ -dependent. Indeed, single-channel I MO characteristics are almost identical when recorded in a Ca 2+ -free condition from either TRPA1 or TRPA1/TRPV1-expressing cells (Fig 7) . These data imply that external Ca was proposed as such a messenger (1). BK stimulated [Ca 2+ ] i accumulation via depletion of intracellular stores and/or activation of TRPV1 (42, 43) could be activating TRPA1 (14, 44) . Singlechannel I MO regulation by the TRPV1 channel may also be mediated via increases in intracellular Ca 2+ and subsequent alterations of single-channel characteristics (16, 30) . Alternatively, a functional interaction between TRPA1 and TRPV1 channels could take place within a complex independently of soluble messengers. Thus, it is well documented that complex formation between channels can influence single-channel characteristics (45-48). To address this question, we investigated TRPA1-mediated single-channel currents recorded in inside-out configuration. This allowed for manipulation of intracellular concentrations of soluble factors, including removal of Ca 2+ . WIN55,212 has been used as a TRPA1 agonist, since single-channel I WIN does not run-down in inside-out configuration (Fig  9; (11,29) . Our results from single-channel I WIN recorded in inside-out configuration in Ca 2+ -free bath solution imply that intracellular Ca
In summary, these data provide evidence supporting a role for TRPV1 modulation of TRPA1 characteristics, most likely through direct interaction of the channels within a complex. This complex formation between TRPA1 and TRPV1 channels may sub-serve the functional interactions between TRPA1 and TRPV1, leading to regulatory control of transduction for nociceptive signals.
does not alter TRPV1-dependent regulation of the TRPA1 channel (Fig 9). 
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